METHODS
The PPK model was developed using 2095 ipilimumab serum concentration values from 499 patients with unresectable stage III or IV melanoma from four phase II studies, with ipilimumab doses ranging from 0.3 to 10 mg kg −1 . The structural PK model was determined by developing a base PPK model. The effect of covariates on model parameters was assessed by a full covariate model, which incorporated all pre-specified covariate-parameter relationships into the base model. The final model was developed by backward elimination, followed by exclusion of covariates determined not to be of clinical relevance to ipilimumab, and was rigorously validated against both internal and external datasets.
RESULTS
Ipilimumab PK was linear and time-invariant, with dose-proportional exposures over the available dose range, yielding a terminal half-life of approximately 15 days. Clearance of ipilimumab increased with increasing body weight and baseline serum lactate dehydrogenase concentrations, but was not affected by age, gender, concomitant budesonide, Eastern Cooperative Oncology Group performance status or prior systemic anticancer therapy. Furthermore, ipilimumab exposure was not affected by moderate renal impairment or mild hepatic impairment.
CONCLUSIONS
Ipilimumab concentration-time data were well described by a linear, two compartment, zero order i.v. infusion model. The model confirms that a body weight-normalized dosing regimen is appropriate for ipilimumab therapy in patients with advanced melanoma.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Ipilimumab is an immuno-oncology monoclonal antibody that is currently approved in more than 40 countries for the treatment of unresectable or metastatic melanoma.
• Exposure-response relationships of the efficacy and safety of ipilimumab have been reported, with exposure data having been determined by the current population pharmacokinetic (PPK) analyses.
Introduction
Ipilimumab is a first-in-class immuno-oncology monoclonal antibody that augments the ability of the adaptive immune system to target tumour cells. It specifically blocks CD80 and CD86 ligands on antigen-presenting cells (APCs) from binding to the cytotoxic T-lymphocyte antigen-4 (CTLA-4) receptor on activated T cells, thereby preventing the down-regulation of antitumour T cell activity [1] [2] [3] . Activation of T cells requires two signals: recognition of tumour antigen on APCs by T cell receptors, and the engagement of CD80 or CD86 by CD28 receptors on T cells. CTLA-4 has a higher affinity for CD80 and CD86 than does CD28, and a natural mechanism of regulating activated T cells is by disengagement of the second signal by expression of CTLA-4. Thus, ipilimumab sustains the proliferation and antitumour effect of T cells by blocking the binding of CD80 and CD86 to CTLA-4.
In two phase III clinical trials, ipilimumab improved overall survival (OS) in patients with advanced (unresectable stage III or IV) melanoma, one in previously treated patients with ipilimumab monotherapy at 3 mg kg −1 [4] and the other in previously untreated patients with ipilimumab at 10 mg kg −1 in combination with dacarbazine [5] . The most common treatment-related adverse events with ipilimumab were immune-related [4, 5] , which may reflect its immune-based mechanism of action. Ipilimumab has been approved for use in over 40 countries including the United States, the European Union, and Australia. A phase III study comparing the efficacy and safety of 3 vs. 10 mg kg −1 ipilimumab monotherapy in patients with advanced melanoma is ongoing [6] .
Where approved, the ipilimumab clinical pharmacology sections of the prescriber information are largely based on the population pharmacokinetic (PPK) analyses results reported here [7, 8] . Non-compartmental analysis (NCA) was not performed as the PK data were from patients with sparse sampling that were insufficient to determine PK parameters by NCA adequately. This report describes the development, validation, and application of the PPK model, including the assessment of the potential effect of intrinsic and extrinsic factors on ipilimumab PK and exposure. In addition, we introduce a covariate effect plot that enables a more intuitive assessment of the clinical relevance of these factors on ipilimumab PK than the conventional tabular listing. The PPK model was applied to assess the impact of the potentially clinically relevant covariates as well as renal and hepatic impairment on ipilimumab exposure. The PPK model was also applied to determine the ipilimumab exposures of individual subjects, which were used to characterize exposure-response relationships of efficacy and safety [9] . The exposureresponse analyses found that higher steady-state trough concentrations were associated with increased tumour responses, longer survival, as well as increased rates of immune-related adverse events, thereby informing the benefit-risk assessment of the recommended ipilimumab dose regimen.
Methods

Data
The PPK model was developed and validated with data from phase II studies in patients with advanced melanoma. Specifically, the PPK model was developed using an index data set of 1767 ipilimumab serum concentration values from 420 patients in three phase II studies (CA184-007, CA184-008, and CA184-022) [10] [11] [12] , and was validated with an external data set of 328 serum concentration values from 79 patients enrolled in a fourth phase II study (CA184-004) [13] . The baseline demographic, laboratory and disease status variables in the index and external validation data sets are summarized in Table 1 .
Previously treated or untreated patients received ipilimumab at 10 mg kg −1 in CA184-007, with or without budesonide (investigated as a prophylactic agent for gastrointestinal toxicity) [10] , and at 3 or 10 mg kg −1 in CA184-004 [13] . Heavily pretreated patients received ipilimumab at 10 mg kg −1 in CA184-008 [11] , and patients who progressed on or were intolerant to prior therapy were randomized to ipilimumab at 0.3, 3 or 10 mg kg −1 in CA184-022 [12] . In all studies, ipilimumab was given every 3 weeks for up to four doses (induction phase), followed by maintenance therapy (every 12 weeks beginning at week 24) in eligible patients. PK samples were collected after the first and third induction doses. These studies were approved by the investigational review boards at the participating study sites and patients gave informed consent to participate.
An informative PK sampling scheme was specified in the phase II studies, based on an optimal sampling methodology [14] . PK samples were collected prior to the first and third induction doses on day 1 and day 43, and at the end of the 90 min infusion and 1 h after the end of infusion. Three additional PK samples were collected from each patient: between 3-7 days after the first dose, between 10-15 days after the third dose and prior to the fourth induction dose on day 64. A subset of patients in CA184-007 and CA184-008 had PK samples drawn on days 2, 3, 7, 15 and 21.
Ipilimumab serum concentrations were measured by a validated enzyme-linked immunosorbent assay, with a lower limit of quantification of 0.4 μg ml −1 . The assay was accurate to ± 9.40% and the inter-assay and intra-assay coefficients of variation were 6.82% and 5.21%, respectively [15] .
PPK model development
The PPK model was developed with the index dataset in three stages. First, a stable and parsimonious base model was developed to describe ipilimumab serum concentration-time data in advanced melanoma patients, without considering covariate effects [16] . Base model development consisted of determining three component models: a structural PK model, an inter-individual (IIV) model, and a residual variability model. Development of the appropriate structural PK model consisted of determining a functional form common to all patients that adequately describes their concentration-time profiles, including an assessment of linearity and time-invariance in model parameters.
The IIV model describes the inter-individual joint distribution of structural model PK parameters, under the assumption that they were log-normally distributed. The variance and covariance of IIV in clearance (CL) and volume of the central compartment (Vc) were estimated. The residual error model describes the random variability between observed and model-predicted concentration values for each patient. Log-normal and combined (additive and proportional) residual error models were evaluated. The stability of the base model was assessed by confirming that the condition number (ratio of the largest and smallest eigen values of the standard error variancecovariance matrix) was less than 1000, and that the correlations in the variance-covariance matrix of standard errors were less than 0.95 [17] .
Second, a full covariate model was developed by incorporating the effect of all prespecified intrinsic and extrinsic covariate parameter relationships of interest into the base model. The selection of the covariates investigated was based upon their relevance to the clinical pharmacology profiling of ipilimumab. Covariate-parameter relationships were examined for the following baseline covariates: body *eGFR was computed using the following MDRD formula [13] : GFR(ml min
Where, SCr is serum creatinine, F2 = 1.0 for men and 0.742 for women. F3 = 1.0 for non-African Americans and 1.212 for African Americans. †Immunogenicity positive referred to subjects who have at least one ADA positive at baseline or post-ipilimumab treatment, and immunogenicity negative referred to subjects who did not have any ADA negative.
weight (BW), age, gender, estimated glomerular filtration rate (eGFR), Eastern Cooperative Oncology Group (ECOG) performance status, baseline lactate dehydrogenase (LDH) concentrations, albumin (ALB), alanine aminotransferase (ALT), direct bilirubin (BIL), concomitant budesonide, prior systemic anticancer therapy and HLA-A*0201 genotype status (HLA). We included HLA because all patients in the registrational trial, MDX010-20, were HLA-A*0201 positive [4] and because PK data were not collected in this study. Furthermore, the effect of immunogenicity on clearance was assessed as a time-varying covariate to account for the possibility that anti-drug antibodies (ADA) are not present at all time-points in immunogenic patients. The effects of these covariates were estimated simultaneously in the full covariate model. This approach is preferable to forward selection of covariates, as the latter may introduce bias in the estimated values [18, 19] .
The relationship between the typical value of a parameter (PTV) and a continuous valued covariate (R) was tested using the following:
where P1 and P2 are fixed-effect parameters, and REF is the reference value of the covariate, which was selected to approximate the median value of the covariate. The relationship between the typical value of a parameter and a categorical time-invariant covariate (R) was characterized using:
where P1 and Pm are fixed effects parameters, and Im is the indicator variable. Lastly, the final model was developed from the full covariate model by backward elimination of covariates followed by exclusion of covariates determined to not be of potential clinical relevance. Specifically, covariate effects were retained in the final model provided that they were statistically significant (likelihood ratio test, P < 0.001) and potentially clinically relevant (defined as covariates that changed parameter values by more than ± 20%).
PPK model evaluation and validation
The base and final model were evaluated by examining standard diagnostic plots of conditional weighted residuals and parameter distributions [14] , and by visual predictive checks (VPC) against the index dataset. Furthermore, a rigorous validation of the final model was performed by VPC against the external validation dataset.
The VPC analysis was designed to assess the predictive performance of the PPK model with respect to the central tendency and extremes of the distribution of ipilimumab serum concentration values over the induction-dosing period. Specifically, VPC was performed by comparing the 90% prediction intervals of the median, 5 th , and 95 th percentiles of ipilimumab concentration-time profiles obtained by simulation (500 iterations) with the corresponding observed percentiles, by dose. The final model parameters were estimated with a combined analysis dataset consisting of the index and validation datasets prior to applying the model as described below.
PPK model application
The final model was applied to predict ipilimumab exposures of each patient in the combined analysis dataset using the model-estimated maximum a posteriori Bayesian individual PK parameter values. Specifically, the model was applied to predict ipilimumab peak and trough concentration values during the induction period, as well as steady-state peak, trough, and time-averaged serum concentrations (Cmax,ss, Cmin,ss and Cav,ss, respectively) that would be achieved with every 3 weeks dosing. The Cav,ss was determined by dividing the area under steady-state serum concentration-time curve (AUCss) with the dosing interval, and the correlations between the steady-state measures of exposure were calculated. Cmin,ss is considered the most pharmacologically relevant summary measure of exposure, as it enables an assessment of doses that maximally block the binding of CD80 or CD86 to CTLA-4. The binding of CTLA-4 to CD80 and CD86 was determined by an in vitro assay to be maximally inhibited by 6 to 20 μg ml −1 and 1 to 3 μg ml −1 of ipilimumab, respectively. The appropriateness of BW-normalized dosing was assessed by examining the similarity in Cmin,ss values over the observed BW range, and the extent to which the doses of 0.3, 3 and 10 mg kg −1 maximally block the binding of CD80 and CD86 to CTLA-4. The potential clinical relevance of covariates with a greater than 20% effect on a PK parameter was assessed with respect to AUCss, as this is the most common measure of exposure.
The potential impact of renal and hepatic impairment on ipilimumab exposure was assessed with respect to AUCss. Specifically, the AUCss distributions of renally and hepatically impaired patients were compared with the AUCss distribution of patients with normal renal and hepatic function, respectively. Patients were categorized by renal function defined by the Kidney Outcome Quality Initiative (K/DOQI) Clinical Practice Guidelines for Chronic Kidney Disease (CKD) from the National Kidney Foundation in 2002 [20] : normal renal function (eGFR > 90 ml min 1.73 −1 m −2 ), and mild impairment (eGFR between 60 and 90 ml min 1.73 −1 m −2 ), moderate impairment (eGFR between 30 and 60 ml 1.73 m −2 ), and severe renal impairment (eGFR < 30 ml min 1.73 −1 m −2 ). Patients were also categorized by hepatic impairment categories proposed by the US National Cancer Institute (NCI) [21] : baseline total bilirubin (TB), baseline aspartate aminotransferase (AST) < upper limit of normal (ULN), mild hepatic disease (TB>ULN to 1.5 × ULN or AST >ULN), and moderate hepatic disease (TB >1.5-3 × ULN, any AST).
The analysis datasets were prepared and summarized using SAS® Version 8.2 (SAS Institute Inc., Cary, NC, USA), and the model was developed with the NONMEM® computer program Version VI, level 1.1, which was also used for model-based simulations. S-Plus® software Version 7.0 (Insightful Corporation, Seattle, WA, USA) was used for diagnostic plots and the graphical presentation of results.
Results
PPK model development
Ipilimumab PK was determined to be linear and timeinvariant within the dose range. Following intravenous (i.v.) administration, ipilimumab undergoes biphasic elimination consisting of a rapid distribution phase with a geometric mean distribution half-life (t1/2,α) of 27.4 h and a slow elimination phase with a geometric mean elimination half-life (t1/2,β) of 14.7 days. Ipilimumab serum concentration-time data were well described by a linear two compartment model with zero order i.v. infusion and first order elimination. The model was parameterized in terms of CL, Vc, inter-compartmental clearance (Q) and volume of peripheral compartment (Vp). IIV in CL and Vc were characterized by log-normal distributions, but the IIV in Q and Vp were fixed to zero as these variances could not be reliably estimated. The residual error was described by a combined additive and proportional error model. The condition number of the base model was 4, and the maximum value of correlations between parameter estimates was 0.2, indicating the model was stable.
Assessment of inter-occasion variability on CL and diagnostic plots of conditional weighted residuals (CWRES) vs. time after first dose showed PK parameters were time-invariant. Conceptually, the elimination of monoclonal antibodies consists of a linear component due to non-specific catabolic processes, and a non-linear target-mediated drug disposition component [22, 23] . The potential non-linearity of ipilimumab PK was assessed during base model development by incorporation of parallel linear and non-linear elimination. However, the additional non-linear term on CL did not improve the model based on the goodness-of-fit plots and non-significant reduction of objective function values, relative to the model with constant CL. Thus, there was no evidence of non-linearity in ipilimumab PK.
Results of the full model indicated that BW is the most influential covariate for CL and Vc (Figure 1 ). This finding is consistent with the non-specific reticulo-endothelial system-mediated mechanism of elimination of monoclonal antibodies [24, 25] . The effects of other covariates on CL were within ± 20% (Figure 1) , which indicates that they are unlikely to be clinically relevant. The estimated 22% increase in CL due to ADA was judged to not be clinically relevant, as less than 5% (18/402) of patients developed ADA, and ADA were transient in most. Given the substantial overlap of CL estimates, and the small number of ADApositive patients, the immunogenicity effect was not considered clinically relevant.
Only BW and LDH were retained as covariates in the final model. CL was not affected by age (range 26-86 years), gender, hepatic function (as measured by albumin, direct bilirubin and alkaline phosphatase), concomitant budesonide, renal function (estimated GFR), ECOG performance status, HLA-A*0201 status and prior systemic anticancer therapy. CL increased with increasing BW and baseline LDH, and Vc increased with increasing BW. Table 2 .
PPK model evaluation and validation
We evaluated the PPK model using standard diagnostic plots, including model predictions vs. observations, residuals vs. model predictions, and residuals vs. time. The diagnostic plots showed that the model described the observed data well, and that the assumptions about random variability were reasonably satisfied (not shown). Internal model validation demonstrated that the final PPK model adequately described ipilimumab concentrationtime profile for 0.3 to 10 mg kg −1 (Figure 2A) , and the external validation confirmed the accuracy of the model parameter estimates ( Figure 2B ). The external model validation was performed on dose-normalized concentrations, as data were insufficient to determine the 5th and 95th percentiles by dose. Overall, the median, 5th and 95th percentiles of the observed concentration-time profiles are within the corresponding 90% prediction intervals, demonstrating that the model adequately predicts the shape and variability of ipilimumab concentration-time data. One patient with CL below three times interquartile range (lower extreme of clearance distribution), and more than five-fold lower than the second lowest CL value, was excluded from the subsequent model application.
PPK model application
Minimal systemic accumulation was evident by an accumulation index of approximately 1.5-fold, and steady-state was reached by the end of the third dosing interval. The model-predicted steady-state Cmax,ss, Cmin,ss and Cav,ss were highly correlated (Pearson correlation coefficient > 0.8).
Model-predicted trough concentration after the first ipilimumab dose (Cmin1) exceeded the target trough concentration of 3 μg ml −1 by ∼99% and 100% of patients at the 3 and 10 mg kg −1 doses, respectively. Although only approximately 2% of patients receiving 3 mg kg −1 ipilimumab had Cmin1 values above 20 μg ml −1 , approximately 90% had Cmin1 greater than 6 μg ml −1 (Figure 3 ). The 20 μg ml −1 and 3 μg ml −1 target concentrations have been used as the cut-off for maximal binding for CD80 and CD86, respectively. However there is considerable (>three-fold) uncertainty in the range of concentrations obtained from in vitro cell-based assay that are required for maximal binding (6 to 20 μg ml −1 and 1 to 3 μg ml −1 , respectively). The appropriateness of BW-normalized dosing was confirmed by a visual examination of the relationship between C min,ss and BW (Figure 4) . This showed that Cmin,ss was relatively uniform over the BW range in the dataset, which is representative of advanced melanoma patients. These results support a BW-normalized dose regimen for ipilimumab in advanced melanoma.
The relationships between AUCss and LDH, and between AUCss and renal or hepatic impairment, are shown in Figure 5 . The AUCss tends to decrease with increasing LDH (Figure 5A ), as expected from the covariate effect of LDH on CL. However, this decrease is not considered clinically significant, based on available safety and efficacy data [8] . Furthermore, the AUCss in patients with mild or moderate renal impairment is similar to that of other patients ( Figure 5B) , as is the AUCss in patients with mild hepatic impairment ( Figure 5C ). Thus, no dose adjustment is needed for patients with pre-existing mild hepatic impairment, or mild or moderate renal impairment. The relationship between Cmin,ss and these covariates is similar to AUCss, given the high correlation between these exposure measures.
Discussion
This report is the first comprehensive characterization of ipilimumab PK, accomplished by PPK analysis of data from patients with advanced melanoma. The magnitude of the effects of intrinsic and extrinsic factors on ipilimumab PK was estimated, and the combined effects on ipilimumab exposure in specific subpopulations were assessed. Ipilimumab concentration-time data were well described by a linear, two-compartment, zero order i.v. infusion model. The linearity of the ipilimumab PK model was established by assessing the goodness-of-fit and diagnostic plots of the linear model, as well as by determining that incorporation of a parallel non-linear term for drug elimination did not improve the goodness-of-fit [23] . Diagnostic plots with respect to time established that ipilimumab PK were time-invariant. The IIV in all model parameters was investigated in the development of the base model, and IIV in only CL and Vc was retained as the IIV in other parameters were not identifiable or could not be reliably estimated. The simplification of the IIV structure enabled the establishment of a stable base model (as determined by condition number <1000 and correlation <0.95 in the parameter standard error matrix), which was essential for the robust estimation of covariate effects on PK parameters in the full model.
The full model approach to estimate the effect of prespecified covariate-parameter relationships provides an unbiased estimate of these effects, and is preferred to the forward inclusion method of selecting covariates [18, 19] . The full model was simplified by backward elimination of covariate effects not clinically or statistically significant to obtain a parsimonious final model. The final PPK model was validated against both internal and external datasets. Validation with an external dataset not used in model development is considered the most rigorous [16, 26] . These validations showed that the PPK model predicted the central tendency (median) and extremes (5th and 95th percentiles) of the concentration-time profile.
The only covariate-parameter relationships retained in the final model were BW CL and Vc, and log-transformed LDH CL. Incorporation of these covariates in the final model explained approximately 24% and 52% of the base model variability of CL and Vc, respectively. The typical values of CL and Vc increased with increasing BW, and the rate of increase supports BW-normalized dosing of ipilimumab. An extensive analysis of whether the recommended dose should be fixed or BW-normalized found that the latter provided more uniform exposures over the range of BW when either of the power model coefficients of CL and Vc are greater than 0.5 [27] . The recommended BW-normalized dosing of ipilimumab is justified as the BW power coefficients of CL and Vc in the final PPK model were greater than 0.5. The suitability of BW-normalized dosing was confirmed by the relatively uniform values of Cmin,ss over a wide BW range.
Other baseline covariates, including age, gender, eGFR, direct bilirubin, AST, albumin hepatic function (as assessed by NCI Criteria [20] ), concomitant budesonide, performance status, HLA-A*0201 status, prior systemic anticancer therapy and immunogenicity, had no clinically significant effects on ipilimumab PK. Consistent with our results, analysis of data from the phase II studies showed that efficacy and safety were independent of HLA-A*0201 status [28] . The absence of a relationship between CL and eGFR is consistent with physiology, as the large size of the ipilimumab molecule (148 kDa) is expected to prevent it from being filtered through the glomerulus and eliminated via the kidney. It is also established that monoclonal antibodies are cleared via the reticulo-endothelial system, and not via liver metabolism like many small molecules [29] . We found no evidence of decreased ipilimumab clearance in patients with normal-to-mild hepatic impairment. The magnitude of covariate effects on CL and Vc in the full model was presented as a forest plot, which is the approach recently recommended by the US FDA and others [30] , as it provides a more intuitive and accessible assessment of the effect of covariates [30] [31] [32] than conventional tabular reporting [33] [34] [35] . In particular, the magnitude of continuous covariate effects is not readily apparent from a tabular presentation of parameter estimates, because the magnitude of effect is dependent upon the distribution of the continuous covariate and the parameter value. Forest plot representation of covariate effects shows the magnitude of the effect of continuous covariates over a broad range (5th to 95th percentile) of values. This representation also enables assessment of the potential clinical relevance of a covariate -those with less than a 20% effect on PK model parameters are unlikely to be relevant.
The covariate-effect plot can show the effect of covariates on PK model parameters, but is insufficient to profile drug clinical pharmacology as it does not provide a direct assessment of the relationship between exposure and subpopulations defined by sets of covariate values. Drug exposure is dependent upon the dosing regimen, as well as on the combined effect of all covariates with an effect on one or more PK model parameters. This is important when an exposure measure is determined by more than one PK model parameter, and when several correlated covariates affect the same model parameter. For ipilimumab, CL and Vc increase with increasing BW, and BW-normalized dosing achieved relatively uniform values of Cmin,ss across a wide range of BWs. Similarly, the distributions of AUCss by renal function reflects the totality of the effect of dose, and all covariates that have an effect on CL, not just the effect of eGFR on CL. PPK model-based analysis provided a more robust assessment in these special populations with large numbers of patients in the target population compared with traditional NCA analysis where the assessment is based on relatively small patient numbers.
The PPK model was applied to predict Cmin1 (not measured in the phase II studies), to support selection of phase III study doses. Although only approximately 2% of patients who received 3 mg kg −1 ipilimumab had Cmin1 values above 20 μg ml −1 , approximately 90% had Cmin1 greater than 6 μg ml −1 (the lower limit needed to maximally inhibit the binding of CTLA-4 to CD80). The 20 μg ml −1 and 3 μg ml −1 target concentrations have been conservatively used as the cut-off for maximal binding. However, there is substantial (>three-fold) uncertainty in the range of concentrations required for maximal binding. Moreover, the in vitro assay was performed with a cultured cell line that overexpresses CTLA-4 and with fluorophoreconjugated human CD80 and CD86 fusion proteins, and thus the relevance to in vivo human expression of CTLA-4 is unknown. Therefore, these target concentrations were only used to provide non-clinical justification for studying higher doses and cannot be used to make clinical comparisons between 3 and 10 mg kg −1 doses. The benefit-risk of ipilimumab at 3 vs. 10 mg kg −1 is being evaluated in a randomized phase III study in patients with advanced melanoma [6] .
In conclusion, the PPK model adequately described ipilimumab PK data in patients with advanced melanoma. The PPK analysis demonstrated that a BW-normalized dosing regimen is appropriate for ipilimumab, and dose adjustments are not required for mild-to-moderate renal impairment or mild hepatic impairment. Data were not available to extend these findings to severe renal impairment or moderate-to-severe hepatic impairment.
